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The hydrogen evolution reaction (HER) performed with platinum (Pt), nickel (Ni), stainless steel 304 (SS)
or glassy carbon (GC) cathodes in 0.1 M 3-triethylammonium-propanesulfonic acid tetraﬂuoroborate
(TEA-PS.BF4) solution is studied using quasi-potentiostatic and impedance spectroscopy techniques. The
objective is to compare the catalytic effect on the cathode using different materials to obtain hydrogen by
water electrolysis. Furthermore, the catalytic effect of the ionic liquid (IL) on the cathode compared with
that of a hydrochloric acid (HCl) solution with same pH value (0.8) is reported. A low activation energy
(Ea) of 8.7 kJ mol1 is found for the glassy carbon cathode. Tafel plots obtained with TEA-PS.BF4 IL suggest
the formation of an electroactive layer of IL on the cathode, which may be responsible for the catalytically
enhanced performance observed.
© 2015 Published by Elsevier B.V.1. Introduction
The hydrogen evolution reaction (HER) is one of the most
studied electrochemical reactions, owing to the high interest in the
use of alternative energy resources. Hydrogen (H2) produced by the
HER represents a clean and renewable energy resource, making it
one of the most promising fuels for the future. Several other
methods for hydrogen production have been used, such as natural
gas reforming, coal gasiﬁcation and water electrolysis [1e5].
Water electrolysis is an important method for producing
hydrogen with high purity and in large quantities. The use of
hydrogen as an energy vector from the electrolysis of water, turning
electricity into transportable and storable energy, has been evalu-
ated as one of the most efﬁcient and environmentally interesting(F. Fiegenbaum).ways, especially when associated with the use of fuel cells, for
conversion of hydrogen into electricity [2,6e8].
Modern water electrolysers are continuously the subject of
improvements, including, among other technologic features, the
use of new and better electrocatalytic materials, which reduce the
electrode overvoltage. Various materials have been used for the
construction of electrodes, showing different effective active areas,
catalytic activities, electrical resistances, corrosion resistivities and
lifetimes. Platinum (Pt) is known to be one of the electrode mate-
rials with best performances, but its price is a severe drawback for
large-scale industrial applications. For budget reasons, iron (Fe),
cobalt (Co), nickel (Ni) and alloys are often used as the electrode in
industrial water electrolysis [9].
In conventionalwater electrolysis, the cathode is usuallymade in
stainless steel 304 (SS) or nickel-basedmaterials, and operates using
potassium hydroxide (KOH) solution in the concentration range
6e9 mol L1 and a temperature of 60e90 C [5,10,11]. Although
nickel-based electrodes show a high initial electrocatalytic activity
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water electrolysis. In order to avoid such problems and to enhance
the energy efﬁciency of the system, studies have been performed
and no serious deactivation in the density of the active sites of the
electrodes has been achieved [1,12e14].
Furthermore, the glassy carbon (GC) presents great physico-
chemical characteristics, high mechanical resistance, porosity,
biocompatibility and relatively high electrical conductivity and it is
used inmanyapplicationsaselectrodematerial.Whileconsidered for
a long time as inert, glassy carbon contains ribbons of graphite-like
structures in discontinuity with crystallite boundaries representing
all types of unsaturated forms of carbon. It is composed of aromatic
ribbon molecules randomly oriented and tangled in a complicated
manner, is commonly used as an electrode material for carrying out
electrolyses, especially in the cathodic domain [8,15e18].
For the adsorption of hydrogen atoms onto the surface, two
reaction routes are possible and two mechanisms are considered
important in the classic mechanism for the HER in acidic media
[7,8,19,20]:
Mechanism I:
Step A : Hþ þ e þM/M  H ðVolmerÞ (1)
Step B : 2M  H/2M þ H2 ðTafelÞ (2)
Mechanism II:
Step A : Hþ þ e þM/M  H ðVolmerÞ
Step C : M  H þ Hþ þ e/M þ H2 ðHeyrovskyÞ (3)
where M represents the cathode [2].
The use of ionic liquids (ILs) as electrolytes for the HER has been
successfully described [21e24]. For example, the use of 3-
triethylammonium-propanesulfonic acid tetraﬂuoroborate (TEA-
PS.BF4) shows high efﬁciencies (exceeding 93%) and high current
densities (i), that it, up to 0.96 A cm2 at room temperature and
1.77 A cm2 at 80 C [23]. A comparison among TEA-PS.BF4,1-butyl-
3-methylimidazolium tetraﬂuoroborate (BMI.BF4) and a commer-
cial electrolyte (KOH) shows that high current densities are
observed with TEA-PS.BF4, becoming an attractive alternative for
the HER generated by water electrolysis [23,25e29]. The main
factors for such success are the outstanding stabilities of such
species and the high conductivities of the ILs, but the mechanistic
explanation for the better performance is still lacking, and it re-
mains only a matter of speculation.
Herein, we report the water electrolysis behaviour of four
different electrodes, that is, Pt, Ni, SS 304 and GC, in presence of an
aqueous solution of TEA-PS.BF4 IL as the electrolyte.Fig. 1. Synthetic reaction route for the preparation of TEA-PS.BF4.2. Experimental
2.1. Preparation of TEA-PS and TEA-PS.BF4
TEA-PS and TEA-PS.BF4 were prepared as described in previ-
ously published reports [23,30]. In a typical reaction, 1,3-
propanesultone (51.38 g) and triethylamine (42.46 g) are mixedwith ethyl acetate (20 mL). The reaction is stirred at 50 C for 2 h
and ﬁltered, producing awhite solid. The precipitate is washedwith
three 10 mL aliquots of ethyl acetate and dried at 100 C for 2 h,
producing 3-triethylammonium-propanesultonate (TEA-PS) as a
white powder in 61% yield [23]. 1H NMR (300 MHz, DMSO, ppm):
d 1.18 (t, 3H), 1.89 (m, 2H), 3.21 (m, 2H), 3.42 (m, 2H).
TEA-PS.BF4 was prepared by reacting TEA-PS (56.78 g) and tet-
raﬂuoroboric acid (HBF4) (31.5 mL) at room temperature. After 2 h
at 90 C, the water was removed under reduced pressure, pro-
ducing 75.98 g of 3-triethylammonium-propanesulfonic acid tet-
raﬂuoroborate (TEA-PS.BF4), a white viscous liquid, in 96% yield
[23]. 1H NMR (300 MHz, DMSO, ppm): d 1.17 (t, 3H), 1.88 (m, 2H),
3.22 (m, 2H), 3.32 (m, 2H), 4.23 (s, 1H). 13C NMR (75 MHz, DMSO,
ppm): d 7.00, 17.78, 47.35, 51.97, 54.88. The chemical reaction for
TEA-PS.BF4 synthesis is shown in Fig. 1.
2.2. Electrochemical measurements
Chronoamperometry (CA), Tafel analysis and electrochemical
impedance spectroscopy (EIS) were performed with an Autolab
PGSTAT30 potentiostat, with GPES and FRA modules, at room
temperature, using a Pt counter electrode and a Pt wire as the
quasi-reference electrode (PtQRE). Four types of electrodes were
studied: Stainless steel 304 (SS), Platinum (Pt), Nickel (Ni) and
Glassy carbon (GC). The electrode areas submerged in the electro-
lyte solutionwere determined geometrically. The water electrolysis
experiments were performed in a 100 mL Hoffmann cell [22]. The
working electrode areas were 0.23 cm2 for Pt and Ni, 0.36 cm2 for
stainless steel 304 and 0.82 cm2 for glassy carbon. A 0.1 M TEA-
PS.BF4 electrolyte solutionwas prepared as well as the HCl solution,
both with a pH value of 0.8; the cell temperature was controlled at
298e343 K.
The kinetic parameters were obtained from Tafel plots at a scan
rate of 10 mV s1 according to [Eq. (4)]:
h ¼ aþ b log i (4)
where b (V dec1) is the Tafel coefﬁcient, which indicates the rate of
change of the current density, i (mA cm2), with the applied
overpotential, h (V).
EIS measurements were carried out at 1.0 V (PtQRE), using a
frequency range from 100 kHz to 1 Hz and an AC signal amplitude
of 10 mV.
2.3. System efﬁciency
The system efﬁciency is calculated as the faradaic efﬁciency (ε),
deﬁned as the ratio between the volume of hydrogen produced
ðVRH2 Þ in the cathode compartment during the electrochemical
hydrogen evolution reaction (HER) and the ideal volume of
hydrogen that should have been produced ðVTH2 Þ if the measured
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where Q is the charge corresponding to the product of the current
intensity and time (value measured by the equipment), R is the gas
constant, T is the absolute temperature, P is the pressure and F is the
Faraday constant.
It is worth noting that the (1ε) term corresponds only to the
charge spent in parallel reactions, such as corrosion or electrolyte
decomposition.
3. Results and discussion
The nature of the electrode inﬂuences the production of
hydrogen through the water electrolysis process. This has been
seen in different systems, including those that use ILs as electro-
lytes. High efﬁciencies (93e99%) are observed at all electrodes
system using TEA-PS.BF4 as electrolyte, suggesting that the
enhancement in the hydrogen production was signiﬁcant with
remarkable economic consequences.
A comparison of these effects can be obtained by measuring the
apparent activation energy (Ea) for the HER. Arrhenius-type
dependence predicts that the exponential increase with the
reciprocal of the temperature, which, in a logarithmic form, is:
ln i ¼ ln A Ea=RT (7)
where A is the pre-exponential factor, Ea is activation energy, R is
the ideal gas constant and T is the absolute temperature.
The effect of temperature on the performance of the system
using TEA-PS.BF4 as the electrolyte, in the 25e80 C range at2.0 V
is shown in Fig. 2.
These plots provide Ea values of 12.0, 15.6, 10.1, 8.7 kJ mol1 for
Pt, Ni, stainless steel 304 and glassy carbon, respectively. It is worth
comparing these values with those reported for other electrolytes
such as BMI.BF4, a classical IL, which has an Ea value of
23.4 kJ mol1, and KOH, which has a value of 10.0 kJ mol1 [23] for
the Pt electrode.
Table 1 reports Ea values and electrochemical characterisation
values, which are discussed above. The reported Ea values were
obtained at 2.0 V, but is worth noting that at 4.8 V the observed
Ea values for the Pt, Ni, stainless steel 304 and glassy carbonFig. 2. Temperature effect on the current density for the system using TEA-PS.BF4 at e
2.0 V. Current density (i) is expressed in mA cm2.electrodes were 10.1, 10.8, 10.5 and 9.2 kJ mol1, respectively. For
pertinent comparison, the observed values using HCl as the elec-
trolyte are included in the last row of Table 1.
The Ea values are remarkably low, which becomes more
important when compared with Ea values previously reported us-
ing KOH as the electrolyte, whose typical values were 46, 59, 39 and
60 kJ mol1 for Pt, PteCe, PteSn and PteHo, respectively [9].
A detailed analysis of the performance of different electrodes for
the HER with TEA-PS.BF4 is somehow striking, suggesting the ne-
cessity of other electrochemical methods for a better understand-
ing of the mechanism. This is the case for quasi-potentiostatic
polarisation measurements, which provides Tafel plots such as
those shown in Fig. 3. The kinetic parameters determined from
these semi-logarithmic polarisation plots provide the b, i0 and Eeq
values that are listed in Table 1. The equilibrium potentials values
obtained for Pt, Ni and glassy carbon cathodes (Eeq ¼ 0.6 V) show
that the same overpotential was applied to these electrodes.
However, the Eeq value equal to 0.5 V obtained for 304 stainless
steel (in TEA-PS.BF4) and glassy carbon (in HCl) cathodes indicates
that the overpotential for the production of H2 was higher in the
cathode direction than for the other electrodes mentioned before.
Fig. 3 reveals that, for Pt, the polarisation curve shows two
slopes, one at low cathodic overpotentials (0.6 V) and another at
high cathodic overpotentials (<e0.9 V). The curve obtained using
HCl electrolyte and a glassy carbon electrode also shows two slopes
at 0.6 and 1.5 V; for the other cathode materials, the curve
shows a single slope, indicating the inﬂuence of the cathode ma-
terial on the reaction mechanism of H2 production.
For the HER through the aqueous solution of 0.1 M TEA-PS.BF4 IL
using Pt as cathode, b ¼ 34.8 mV dec1 (~40 mV dec1) at low
cathodic overpotentials and 114.7 mV dec1 (~120 mV dec1) at
high cathodic overpotentials, which indicates kinetic mechanism
(I), corresponding to a Volmer step, adsorption on Pt and charge
transfer:
Hþ þ e þM/M  H
The subsequent process is the Tafel step, corresponding to
desorption of H2:
2M  H/2M þ H2
The results indicate that, by using Pt as the cathode in aqueous
TEA-PS.BF4 electrolyte, the desorption step is slow, owing to the
strong hydrogen bonding of the Pt lattice atoms.
In the case of stainless steel 304, b has a slope of 118.4 mV dec1
over the entire range of the cathodic overpotential, probably indi-
cating kinetic mechanism (II), in which the second process, corre-
sponding to the Heyrovsky step, is the slow step (reaction above), inTable 1













Platinum 12.0 114.7 HPd
34.8 HPd
0.37 0.6 0.31 1.8 0.70
Nickel 15.6 70.9 0.37 0.6 0.19 3.0 2.57
SSa 10.1 118.4 0.06 0.5 0.49 3.3 1.99
Glassy
carbon
8.7 73.4 0.66 0.6 0.57 3.4 0.46
KOHb 16.0 e e e e e e
HClc e 71.0 HPd
82.7 HPd
0.03 0.5 0.08 10.0 77.00
a Stainless-steel 304.
b Platinum cathode.
c HCl aqueous solution with pH 0.8, glassy carbon cathode.
d HP: high potentials; LP: low potentials.
Fig. 3. Tafel plots for the HER on Pt, Ni, stainless steel or glassy carbon with 0.1 M e
TEA-PS.BF4. Current density (i) is expressed in mA cm2. a: Stainless steel 304; HCl:
with pH 0.8 using glassy carbon as working electrode.
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quickest step:
M  H þ Hþ þ e/M þ H2
When the Ni or glassy carbon cathodes are used in a solution of
TEA-PS.BF4 IL, the values of b are slightly larger than 70 mV dec1.
This unusual value is attributed to the effect of diffusion on the
cathode surface of the metallic sites where Hþ is reduced and
chemically desorbed, indicating that the Volmer step (electro-
adsorption and reduction) is in quasi-equilibrium with the chemi-
cal desorption step (Tafel step). For the glassy carbon electrodewith
the HCl solution of the same pH as TEA-PS.BF4, the Tafel slope for
both low (82.7 mV dec1) and for high cathodic overpotentials
(71 mV dec1), also show a balance between the Tafel and Volmer
steps. Therefore, for these electrodic materials, the H-bond strength
at the surface of the electrocatalyst is lower than that for Pt;
however, the charge-transfer process is facilitated compared to
stainless steel 304.
The values obtained for the activation energy in this study were
lower than those found previously published reports for electro-
lytes other than TEA-PS.BF4 IL. These results indicate that the
cathode material and the electrolyte composition reduce the acti-
vation energy and modify the kinetic mechanism of the HER.
When the glassy carbon cathode is used in an aqueous solution
of TEA-PS.BF4 IL, the lowest activation energy and the highest
cathodic exchange current values are obtained between the tested
materials. These results show not only an increase in catalytic ac-
tivity due to the use of an IL, but also a synergistic effect between
the glassy carbon and TEA-PS.BF4 IL.
The method of EIS was used to investigate the electrode/elec-
trolyte interface and the processes occurring on the surface of
different cathode materials in 0.1 M TEA-PS.BF4 IL (pH 0.8). The
experiments were also carried out for a HCl solution (pH 0.8) and
glassy carbon cathode for comparison. All experiments were per-
formed with 1.0 V (PtQRE). The value of the applied potential was
selected based on the production of H2 gas on the electrode surface.
The Nyquist diagrams, obtained for Pt, Ni, stainless steel 304 or
glassy carbon electrodes with 0.1 M TEA-PS.BF4 solution show
depressed semicircles (Fig. 4a) and, therefore, the presence of only
one time constant for each electrode, which indicates capacitive
characteristics of the electrode/electrolyte systems. The equivalent
circuit inserted in Fig. 4a can describe these diagrams. The choice of
this circuit is a compromise between a reasonable ﬁtting of theexperimental values and the maintenance of the number of circuit
elements at a minimum and still allows the association of these
elements to the phenomena probably occurring at the electrode.
The CPE is a constant phase element and its impedance may be
deﬁned by ZCPE¼ A (ju)a. The factor a, deﬁned as a CPE power, is an
adjustable parameter and when a ¼ 1, the CPE describes an ideal
capacitor. Rs represents the solution resistance between the work-
ing electrode (cathode) and Rp is the polarisation resistance.
The low Rp values and high capacitances indicate accumulation
of electrical charge in the double layer. Among the tested elec-
trodes, the glassy carbon electrode shows the lowest Rp value and
the highest capacitance value (CPE), which again explains why
these materials are exceptionally good electrodes for the HER.
From the EIS experiments were determined the capacitances of
the electrical double layer in IL aqueous solution (Table 1):
0.31 mF cm2 (Pt), 0.19 mF cm2 (Ni), 0.49 mF cm2 (SS),
0.57 mF cm2 (GC). When the capacitance is of pure capacitance
nature (double layer capacitance), one can determine the surface
roughness by assuming a certain value for a unit surface. The typical
value for metal is Cdl ~ 20 mF cm2 [31,32]. The roughness factor (r)
were calculated by dividing the Cdl experimental value of the
electrode by that of reference metal electrode, that is, 20 mF cm2.
The following values for r were found: 15.5 (Pt), 9.5 (Ni), 24.5 (SS),
28.5 (GC).
It appears that the increasing order of Ea for different cathodic
materials in IL aqueous solution is GC < SS < Pt < Ni. Likewise, the
increasing order of roughness of the electrode surface is
Ni < Pt < SS < GC. Therefore, in IL aqueous solution, the less Ea
associated with the GC is related to the higher surface roughness,
since the determination of Ea is done through cathodic current,
which is inﬂuenced by the active area of the electrode.
The Nyquist plot obtained for glassy carbon electrodes with HCl
(pH 0.8) (Fig. 4b) shows an incomplete arc at low frequencies,
indicating the presence of two time constants, one associated with
charge transfer at the electrode/solution interface and the another
associated with mass transport in the diffusion layer. This diagram
can be described by the equivalent circuit inserted in Fig. 4b, where
W is the Warburg impedance, associated with the mass transport
by diffusion. The Warburg impedance determined by ﬁtting the
experimental results, according to the equivalent circuit shown in
Fig. 4b, is 158 U cm2. This observation, as well as the high Rp value
compared to 0.1 M TEA-PS.BF4, strongly suggests the occurrence of
a different catalytic process in each system. In the systemwith HCl
(pH 0.8), mass transport in the diffusion layer is rate determining
and has a time constant of 6.2  103 s, whereas the time constant
with TEA-PS.BF4 decreases to 2.6  104 s. Therefore, the IL facili-
tates the mass transfer of the reactants and products, and the re-
action kinetics are predominated by the charge-transfer process.
The high capacitance values found in the middle of the TEA-
PS.BF4 IL plot, the lack of Warburg impedance associated with the
transport of mass and the higher conductivity of the solution may
indicate a structural arrangement of charges at the cathode/solu-
tion interface. The zwitterionic TEA-PSþ species, with opposite
charges on non-adjacent atoms, can form a structure of organised
channels [33,34] with the negatively polarised working electrode
that can facilitate the transport of H3Oþ ions to the electrode sur-
face, which occurs during charge transfer. The positive part of the
zwitterionic structure on the nitrogen atom may be directed to-
wards the surface of the cathode, and the negative part with hy-
drophilic character is directed to the solution. The percolations of
several sulfonic acid groups along the solution, near the cathode,
form a structure perpendicular to the surface of the electrode
channels. This channel structure contributes towards proton
transport to the electrode surface. Protons are transported by a
carrier mechanism, that is, H3Oþ ions from the bulk of the solution
Fig. 4. Electrochemical impedance spectroscopy for the HER (a) on Pt, Ni, stainless steel or glassy carbon with 0.1M TEA-PS.BF4 (pH 0.8) and (b) on glassy carbonwith HCl (pH 0.8).
F. Fiegenbaum et al. / Journal of Power Sources 280 (2015) 12e1716move to the cathode by diffusion and migration, owing to the
electric ﬁeld and, after the reduction, the water returns to the so-
lution. In addition to this transport mechanism, the protons are
carried by the Grotthuss structural mechanism, namely water
molecules strongly bound to sulfonic acid groups, which promotes
the movement of protons through the channels by the formation
and cleavage of hydrogen bonds. Therefore, the arranged structure
close to the cathode, pointing towards the solution, may be
favourable for the transport of H3Oþ ions, increasing ion mobility
and lowering the energy barriers involved in the electrolysis of
water. This facilitation is proven by the presence of Warburg
impedance in the electrolysis in the HCl medium, where proton
transport occurs solely by the carrier mechanism. It is also evi-
denced by the high capacitance value, indicating the accumulation
of electrical charge along the surface of the electrode.4. Conclusions
In this paper, HER kinetics were studied on four electrodes with
0.1 M TEA-PS.BF4. Activation energy (Ea) values of 12.0, 15.6, 10.1
and 8.7 kJ mol1 were obtained for Pt, Ni, stainless steel 304 and
glassy carbon, respectively, which are considered low compared to
other electrolytes and/or electrodes.
Tafel parameters determined from polarisation curves show
that, in the presence of TEA-PS.BF4 IL, the kinetic mechanism is a
function of the electrode material. With a Pt cathode, the reaction
follows a mechanism in which the rapid stage is the Volmer
(adsorption and charge transfer) step and the slow process is the
Tafel (desorption) step. With the stainless steel 304 cathode, the
reaction follows a mechanism in which the slow process is the
Volmer (adsorption and charge transfer) step, with ﬁrst-order ki-
netics, and the quick process is the Heyrovsky (chemical desorption
and charge transfer) step. For Ni or glassy carbon cathodes, there is
a situation of quasi-equilibrium between the Volmer (adsorption
and charge transfer) and Tafel (desorption chemical) steps.
The Nyquist diagrams, obtained for Pt, Ni, stainless steel 304 and
glassy carbon electrodes with 0.1 M TEA-PS.BF4 solution, showed
depressed semicircles and, therefore, the presence of only one time
constant for each electrode; the low Rp values and high capaci-
tances indicate the accumulation of electrical charge in the double
layer. This highlights an organised channel that facilitates the
transport of protons to the electrode surface through a structural
mechanism, beyond the relaying mechanism evidenced by the
absence of the Warburg impedance, which is present in the elec-
trolysis with HCl medium.
The presence of TEA-PS.BF4 IL catalyses the reaction of H2production by facilitating the transport of protons to the cathodic
surface and activates the surface of the electrocatalyst.
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